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Abstrat. With the invention of new far-infrared (FIR) and radio mm and sub-mm
instruments (DESIR on SMESE satellite, ESO-ALMA), there is a growing interest in
observations and analysis of solar ares in this so far unexplored wavelength region.
Two prinipal radiation mehanisms play a role: the synhrotron emission due to a-
elerated partile beams moving in the magneti eld and the thermal emission due to
the energy deposit in the lower atmospheri layers. In this ontribution we explore the
time-dependent eets of beams on thermal FIR and radio ontinua. We show how and
where these ontinua are formed in the presene of time dependent beam heating and
non-thermal exitation/ionisation of the hromospheri hydrogen plasma.
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s, 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1. Introdution
New ground-based and spae-borne instruments are being designed to ob-
serve the Sun in so-far unexplored wavelength windows or with unpree-
dented spatial and/or temporal resolution. Here we are motivated by the
planned observations of solar ares in far infrared (FIR) region and in sub-
millimetre/millimetre (SMM) radio wavelengths. A spei FIR window
where the radiation is not observable from the Earth is between 35 and
250 µm and this is expeted to be explored by the DESIR telesope on
board the SMESE satellite (SMall Explorer for Solar Eruptions  Vial et al.
(2007)). At SMM wavelengths, observations were already performed by
Kaufmann et al. (2000) and Lüthi et al. (2004). However, new data are ex-
peted soon from ALMA (Ataama Large Millimeter Array) radio-interferometer.
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In both FIR and SMM domains a superposition of two radiation omponents
is expeted: the high-frequeny part of the mirowave spetrum from ultra-
relativisti eletrons and/or positrons (non-thermal synhrotron emission)
and the low-frequeny part of the thermal are ontinuum. As suggested
in Vial et al. (2007), these emissions provide, respetively, a unique diag-
nosti of the non-thermal partiles (beams) and of the thermal response
of the lower are atmosphere to the energy deposit. In FIR domain, the
relative importane of both proesses was estimated by Ohki and Hudson
(1975). Reently, Loukitheva et al. (2004) and Heinzel and Avrett (2009)
omputed the mirowave thermal ontinua formed in dynami and stati
semi-empirial atmospheres, respetively.
In this study, we onentrate on formation of suh thermal emission in
the 35 µm  1 m wavelength range originating in a highly dynamial are
atmosphere heated by short-duration eletron beam pulses. Setion 2 de-
sribes the mehanisms responsible for the thermal emission, harateristis
of the emission orresponding to simulations of the beam heated atmosphere
are presented in Setion 3. Setion 4 summarises our results.
2. Mehanisms of the FIR and SMM thermal ontinuum
formation
Depending on the wavelength, various atmospheri depths an ontribute
to the emergent FIR and SMM intensity (Heinzel and Avrett, 2009). In
the hromosphere, the dominant soure of opaity is the hydrogen free-free
ontinuum. The absorption oeient is given as (Rybiki and Lightman,
1979)
κν(H) = 3.7 × 10
8T−1/2nenpν
−3gff (1)
where ne and np are the eletron and proton densities, respetively, T is the
temperature, and gff ≈ 1 is the Gaunt fator. At lower temperatures, around
the temperature minimum region, H
−
free-free opaity plays an important
role. The H
−
absorption is (Kuruz, 1970)
κν(H
−) =
nenH
ν
(1.3727×10−25+(4.3748×10−10−2.5993×10−7/T )/ν) (2)
where nH is the neutral hydrogen density. Total absorption orreted for
stimulated emission is then
κν =
[
κν(H) + κν(H
−)
]
(1− e−hν/kT ) , (3)
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where h and k are the Plank and Boltzmann onstants, respetively. The
soure funtion for these free-free proesses is the Plank funtion Bν . How-
ever, the absorption has to be evaluated using number densities oming
from non-LTE alulations. Finally, emergent intensity Iν an be obtained
as
Iν =
∫
ηνe
−τνdz ην = κνBν dτν = −κνdz , (4)
where z is the geometrial height.
3. Flare models
We have evaluated the FIR and SMM ontinuum emission for non-LTE
radiative hydrodynami models whih desribe the atmospheri response
to the time dependent eletron beam heating. In these simulations ele-
tron beams of a varying beam ux and power-law spetra are injeted into
a loop whih orresponds to an initially hydrostati VAL C atmosphere
(Vernazza et al., 1981). Then, the time evolution of the beam partiles and
plasma properties are followed. We also onsider the so-alled non-thermal
ollisional rates, Cnt, whih aount for the hanges of the atomi level
populations due to the ollisions with the beams. For more details on the
models see Varady et al. (2005); Ka²parová et al. (2009).
3.1. Time variation
Our simulations show that the ontinuum emission is well orrelated with
the beam ux on the time sale of the beam ux variation, e.g. on a sub-
seond time sale. Longer wavelengths (1 m) exhibit larger relative inten-
sity inrease than shorter wavelengths (35 µm) when ompared to the the
preare (VAL C) intensities  see Figure 1. Furthermore, emission in the
λ < 0.2 mm range depends also on the beam parameters, i.e. the power-
law index and the beam ux. Generally, maxima of the emission lag behind
the beam ux maxima, the time lag lies within the 0.1  0.3 s interval for
present simulations.
3.2. Influene of non-thermal ollisional rates
Although the non-thermal rates an signiantly aet the hydrogen level
populations and eletron densities in some atmospheri layers (Ka²parová et al.,
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Figure 1: Time evolution of relative ontinuum intensities saled to the intensity at t = 0 s,
i. e. of the VAL C atmosphere, for an eletron beam of a power-law index δ = 3 and a
maximum beam ux Fmax = 6× 10
10
erg m
−2
s
−1
. The dashed line indiates the beam
ux time variation.
2005), their inuene on FIR and SMM ontinuum emission is almost neg-
ligible. Cnt ause only moderate and temporary inrease of the ontinuum
intensity shortly after the beam injetion into the VAL C atmosphere. Ad-
ditionally, inuene of Cnt for λ < 0.2 mm depends on the beam parameters
and it is modulated by the beam ux time variation  see Figure 2.
3.3. Formation depths
Atmospheri layers whih ontribute the most to the outgoing intensity, i.e.
the formation depths, an be understood in terms of the so-alled ontribu-
tion funtion CF
CF = ηνe
−τν Iν =
∫
CF dz , (5)
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Figure 2: Inuene of the non-thermal ollisional rates Cnt. The plot shows the ratio of
intensities with and without Cnt. The dashed line indiates the beam ux time variation.
The beam parameters are the same as in Fig. 1. Note the reversed wavelength sale with
regard to Figure 1.
ompare with Eq. (4). In the initial atmosphere, emission at wavelengths
shorter than λ ≈ 1 mm omes from deep, photospheri layers, whereas the
ontinuum at other wavelengths is formed at the upper part of the atmo-
sphere. However, as the atmosphere is heated by the beams, the emission
is formed mainly at the hromospheri heights (above z ≈ 1000 km). The
emission whih omes from these layers an be inuened also by Cnt sine
the beams deposit their energy there. On the other hand, the emission in the
35  200 µm range partially originates from the photosphere  see Figure 3.
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Figure 3: An example of the time evolution of ontribution funtion CF (Eq. 5) for an
eletron beam of δ = 3 and Fmax = 4.5 × 10
10
erg m
−2
s
−1
. Left: CF for the VAL
C atmosphere, i.e. at t = 0 s. Right: CF at t = 1.5 s orresponding to the model with
inluded Cnt. Colour sale going from white to blak represents the range of logCF values
(from minimum to maximum). Blak solid urve indiates the total energy deposit of the
beam, dashed urve is for the energy deposit on hydrogen EH. C
nt
are proportional to
EH, therefore the dashed line marks the layers whih are aeted by C
nt
. Gray lines
display the levels of optial depth τ = 0.1, 1, 10.
4. Conlusions
Using the results of non-LTE radiative hydrodynami simulations we have
found that the rapidly varying beam ux an manifest itself in the thermal
FIR and SMM ontinuum intensities. We show that the ontinuum inten-
sities do vary on the beam ux variation time sales. However, the diret
inuene of the beam eletrons via the non-thermal ollision is moderate
only. The emission is mainly aeted by the temperature variations whih
result from the time dependent heating by the beams. Conerning the for-
mation of the emission, in the heated atmosphere or due to the non-thermal
ollisions the ontinua are formed in the upper atmosphere. The intensities
in the 35  200 µm partially originate also from the photosphere.
In this work we did not onsider eets related to the situation when the
frequeny of the emitted eletromagneti waves is lose to the loal plasma
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frequeny. In the ase of the solar atmosphere plasma, these eets must be
taken into aount at the radio frequeny range. We will address this issue
for the FIR and SMM emission in a future study.
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